. Here we show that Drosophila Ionotropic Receptor 25a (IR25a) is required for behavioural synchronization to low-amplitude temperature cycles. This channel is expressed in sensory neurons of internal stretch receptors previously implicated in temperature synchronization of the circadian clock 9 . IR25a is required for temperaturesynchronized clock protein oscillations in subsets of central clock neurons. Extracellular leg nerve recordings reveal temperatureand IR25a-dependent sensory responses, and IR25a misexpression confers temperature-dependent firing of heterologous neurons. We propose that IR25a is part of an input pathway to the circadian clock that detects small temperature differences. This pathway operates in the absence of known 'hot' and 'cold' sensors in the Drosophila antenna 10,11 , revealing the existence of novel periphery-to-brain temperature signalling channels.
. Visual and non-visual photoreceptors are responsible for synchronizing circadian clocks to light 4,5 , but clock-resetting is also achieved by alternating day and night temperatures with only 2-4 °C difference 6-8 . This temperature sensitivity is remarkable considering that the circadian clock period (~24 h) is largely independent of surrounding ambient temperatures 1, 8 . Here we show that Drosophila Ionotropic Receptor 25a (IR25a) is required for behavioural synchronization to low-amplitude temperature cycles. This channel is expressed in sensory neurons of internal stretch receptors previously implicated in temperature synchronization of the circadian clock 9 . IR25a is required for temperaturesynchronized clock protein oscillations in subsets of central clock neurons. Extracellular leg nerve recordings reveal temperatureand IR25a-dependent sensory responses, and IR25a misexpression confers temperature-dependent firing of heterologous neurons. We propose that IR25a is part of an input pathway to the circadian clock that detects small temperature differences. This pathway operates in the absence of known 'hot' and 'cold' sensors in the Drosophila antenna 10,11 , revealing the existence of novel periphery-to-brain temperature signalling channels.
In Drosophila, daily activity rhythms are controlled by a network of ~150 clock neurons expressing the clock genes period (per) and timeless (tim). These encode repressor proteins that negatively feedback on their own promoters resulting in 24 h oscillations of clock molecules. Temperature cycles (TC) synchronize molecular clocks present in peripheral appendages in a tissue-autonomous manner 9, 12 , whereas synchronization of clock neurons in the brain mainly depends on peripheral temperature receptors located in the chordotonal organs (ChO) and the ChO-expressed gene nocte 9, 12, 13 . To discover novel factors involved in temperature entrainment, we identified NOCTE-interacting proteins by co-immunoprecipitation and mass-spectrometry (Extended Data Table 1) 14 . We focused on IR25a, a member of a divergent subfamily of ionotropic glutamate receptors and verified the interaction by co-immunoprecipitation after overexpressing IR25a and NOCTE in all clock cells using tim-gal4 (Extended Data Fig. 1a ). IR25a is expressed in different populations of sensory neurons, including those in the antenna and labellum [15] [16] [17] . In the olfactory system IR25a acts as a co-receptor with different odour-sensing IRs 15 . To investigate if IR25a is co-expressed with nocte in ChO, we analysed IR25a expression in femur and antennal ChO using an IR25a-gal4 line 15 (Extended Data Fig. 2a ). IR25a-gal4-driven mCD8-GFP labelled subsets of ChO neurons in the femur, overlapping substantially with nompC-QF driven QUAS-Tomato signals (using the QF binary transcriptional activation system) ( Fig. 1a-c) . nompC-QF is expressed in larval ChO 18 and in the adult femur ChO (Fig. 1d, e) . Comparison of IR25a-driven mCD8-GFP and nuclear DsRed signals with those of other ChO neuron drivers (F-gal4 and nocte-gal4 (ref. 9)) suggests that IR25a is expressed in a subset of femur ChO neurons and Johnston's Organ (JO) neurons ( Fig. 1c and Extended Data Fig. 1b-g ). To determine if IR25a-gal4 ChO signals reflect endogenous IR25a expression, we confirmed the presence of IR25a mRNA in the femur and leg (Extended Data Fig. 2b , e) and the co-localization of anti-IR25a immunofluorescence signals in femur ChO neurons (Fig. 1f, g ). IR25a was detected in ChO neuron cell bodies and ciliated dendrites, as was an mCherry-IR25a fusion protein expressed in these cells (Fig. 1h) .
As nocte 1 mutants do not synchronize to 12 h:12 h 16 °C:25 °C temperature cycles in constant light (LL) 9,12 (Extended Data Fig. 3a ), we analysed IR25a −/− mutants 16 under these conditions. Unlike nocte 1 , the IR25a −/− flies synchronized well to this regime and we obtained similar results at warmer temperature cycles (Extended Data  Fig. 3a) . To test whether IR25a is specifically required for synchronization to small temperature intervals 7,13 , we subjected IR25a
flies to various temperature cycles with an amplitude of only 2 °C. Surprisingly, and in contrast to wild-type, IR25a −/− mutants did not synchronize to any of the shallow temperature cycles in LL or constant darkness (DD) (Fig. 2a-e and Extended Data Figs 3b and 4c). In LL, wild-type and IR25a rescue flies showed a clear activity peak in the second part of the warm period before and after the 6 h shift of the temperature cycle. By contrast, IR25a −/− mutants were constantly active throughout the temperature cycle, apart from a short period of reduced activity at the beginning of the warm phase of TC1 ( Fig. 2a and Extended Data Fig. 3b ). In DD, control flies slowly advanced (or delayed) their evening activity peak during phase-advanced (or delayed) temperature cycles ( Fig. 2b and Extended Data Fig. 4c ). The phase of this activity peak was maintained in the subsequent free-running conditions (DD, constant 25 °C) indicating stable re-entrainment of the circadian clock ( Fig. 2b and Extended Data  Fig. 4 ). By contrast, IR25a mutants did not shift their evening peak during the temperature cycle, keeping their original phase throughout the experiment (Fig. 2b and Extended Data Fig. 4c ).
To quantify entrainment in LL, we determined the 'entrainment index' (EI) 13 , whereas for most DD experiments we calculated the phase difference of the main activity peak upon release into constant conditions between IR25a mutants and controls. In all 2 °C amplitude temperature cycles tested the entrainment index of IR25a −/− flies was significantly lower and phase calculation indicated no phase shift or a significantly reduced phase shift compared to controls (Fig. 2c-e) . The same non-synchronization phenotype was observed in IR25a
Letter reSeArCH © 2015 Macmillan Publishers Limited. All rights reserved temperature compensated periods (Fig. 2b, Extended Data Fig. 4d and Extended Data Table 2 ). These results suggest that IR25a enables the circadian clock to sense subtle temperature changes across the entire physiological range, rather than mediating synchronization to a specific range. Increasing the temperature cycle amplitude to 4 °C consistently restored temperature entrainment in IR25a −/− flies (Extended Data  Fig. 4a, b) .
Temperature receptors located in fly antennae and arista are not required for temperature-synchronized behaviour 9, 11, 19 . As expected, we found that antennal IR25a function (Extended Data Figs 1c  and 2a) 16 is not required for temperature entrainment (Extended Data  Fig. 5 ). To reveal the importance of IR25a expression in ChO neurons, we performed tissue-specific IR25a RNA interference (RNAi) using validated transgenes (Extended Data Figs 2d and 6a) . IR25a RNAi in all or subsets of ChO neurons ( Fig. 1 and Extended Data Fig. 1 ) resulted in a lack of entrainment (Extended Data Figs 2e and 6b, c). By contrast, IR25a RNAi in multidendritic, TRPA1-expressing or clock neurons did not impair temperature entrainment (Extended Data Fig. 6c ). These findings are consistent with the absence of IR25a expression in clock neurons and the brain (Extended Data Fig. 2e-g ) and show that IR25a functions in ChO neurons for temperature entrainment to 25 °C:27 °C temperature cycles in LL.
To identify the neural substrates underlying the lack of behavioural synchronization, we quantified clock protein levels in wild-type, IR25a −/− , and IR25a −/− rescue flies exposed to a shallow temperature cycle in LL. Although TIM expression was robustly rhythmic and synchronized in all clock neuronal groups in controls, TIM was barely detectable in the Dorsal Neuron 1 (DN1) and DN2 of IR25a −/− flies ( Fig. 3a and Extended Data Fig. 7a, b) . Moreover, in the small and large ventral lateral neurons (s-LNv and l-LNv), TIM expression exhibited an additional peak during the warm phase ( Fig. 3a and Extended Data Fig. 7a, b) . In the DN3, TIM declined earlier compared to controls and there was no effect on the dorsal lateral neurons (LNd). In temperature cycles and DD, TIM levels in DN1 were also blunted but oscillations in the DN2 and DN3 were similar to controls. In contrast to LL, TIM did not oscillate in any of the LN groups and was at constantly low levels ( Fig. 3b) , consistent with the behavioural results obtained under these conditions (Fig. 2b, d ). The alterations of TIM expression are temperature specific, as we observed normal oscillations in LD cycles at 25 °C (Extended Data Fig. 7c ). An increase of the temperature cycle amplitude to 4 °C also restored normal TIM expression in IR25a −/− flies, in agreement with the behavioural rescue (Extended Data Figs 4a, b and 7d). In summary, in low-amplitude temperature cycles, IR25a is required for normally synchronized TIM oscillations in DN1-3 and LNv in LL and in DN1 and LN clock neurons in DD.
We tested if the clock neurons affected by the lack of IR25a are indeed involved in regulating behavioural synchronization to shallow temperature cycles by blocking synaptic transmission using tetanus-toxin (TNT). Indeed, TNT-expression in DN1 and DN2 blocked synchronization in LL, whereas in DD only DN1 blockage interfered with temperature entrainment (Fig. 3c, d ) 20 . Consistent with the differential effect on TIM oscillations in LL and DD (Fig. 3a, b) these results strongly suggest that IR25a is required for the synchronized output of the DN1 (LL and DD) and DN2 (LL) to control temperature-entrained behaviour.
Next, we asked if ChO might directly sense temperature in an IR25a-dependent manner. We recorded leg nerve activity in restrained preparations and identified ChO units in the compound signal (Fig. 4a) . In both wild-type and IR25a −/− flies, spontaneous leg movement changed as a function of temperature along with motor and sensory activity. Additionally, presumed ChO activity of wildtype flies also increased during periods without movement (Fig. 4b,  third insert) . This temperature-induced but movement-independent, ChO activity was absent in IR25a −/− flies, showing that temperature is sensed in the legs in an IR25a-dependent manner (Fig. 4c) . To test if IR25a contributes directly to temperature-sensing, we ectopically expressed this channel in the physiologically well-characterized, IR25a-negative, l-LNv (Extended Data Fig. 2f ). As a positive control, we also expressed the temperature-sensitive Drosophila TRPA1 channel 21 in the l-LNv. Isolated brains were exposed to a temperature ramp, and spike frequency of individual l-LNv was recorded. Control l-LNv did not show a significant temperature-dependent change in neural activity (Fig. 4d) . As expected, the firing rate of TRPA1 expressing neurons drastically increased linearly with temperature, as did other cellular parameters (Extended Data Fig. 8 ). IR25a expression resulted in a linear and reversible temperature-dependent increase in action potential firing frequency (Fig. 4e, i) , whereas other cellular parameters showed no difference ( Fig. 4f-h ). Increasing the temperature by only 2-3 °C also lead to a reversible increase in firing frequency of 1.03 ± 0.20 Hz in IR25a expressing l-LNv (Fig. 4j) . By contrast, expression of the related, but olfactory-specific co-receptor IR8a (which is not required for temperature entrainment, Fig. 2c ) did not confer temperature-sensitivity (Extended Data Fig. 8 ). These observations suggest that IR25a is at least part of a thermosensory receptor required for temperature entrainment.
Our data indicating that IR25a contributes to temperature sensing within ChO extend the roles of IR's beyond chemoreception, reminiscent of the requirement for the 'gustatory receptor' Gr28b in warmth-avoidance 22 . Although we show that IR25a-expressing leg neurons are capable of sensing temperature and mediating temperature entrainment, it is possible that this receptor has a similar role elsewhere in the peripheral nervous system. IR25a responds to small temperature changes and we propose that the fly continuously integrates flies were used as negative controls. * * *P < 0.001, * *P < 0.01, NS, not significant, one way ANOVA followed by Bonferroni correction. d, Phase difference during DD and constant temperature after temperature cycles between IR25a −/− (n = 12/11/12 for 7 h advance/8 h delay/8 h advance temperature cycles, respectively) and y w control (n = 16/10/14, respectively) and IR25a −/− rescue flies (n = 16/18/12). * * * *P < 0.0001, * * *P < 0.001, * *P < 0.01; F-statistic (Watson-Williams-Stevens test). Clk9M-gal4;Pdf-gal80 (DN2>, lower panel) males, were exposed to two 6 h-delayed temperature cycles (12 h at 25 °C:12 h at 27 °C in LL). Left, actograms, shading as in Fig. 2a . Right, entrainment index calculations (mean ± s.e.m.), numbers in bars indicate n. * *P < 0.01; One way ANOVA followed by Bonferroni correction. d, Same genotypes as in c were exposed to an 8 h delayed 12 h 25 °C:12 h 27 °C temperature cycles in DD. Left: actograms plotted as in Fig. 2b , Right: phase difference of activity peaks during final constant conditions between controls (DN1/DN2 > UAS-IMP-TNT, n = 9/12, respectively) and the indicated genotypes (DN1/DN2 > TNTE, n = 16/10). * * * *P < 0.0001, NS, not significant, F-statistic (Watson-Williams-Stevens test). , which could help maintain synchronized clock function in natural conditions of rapid and large temperature fluctuations.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. Heating the preparation from 20 °C to 30 °C (middle, red trace) lead to spontaneous leg movement with concurrent motor and sensory activity (second insert) but also to increased sensory firing in the absence of leg or motor activity (third insert), which was reversible with intact tibia extension response (fourth insert) (n = 9). c, IR25a
shows similar responses to tibia extension and temperature-dependent leg movement, but no sensory activity in response to elevated temperature (n = 6). d, Whole-cell current clamp recordings of l-LNv control and Pdf > IR25a brains exposed to the indicated temperature ramp. e, Quantification of the temperature response from multiple recordings (mean, s.e.m.). f, Vm, membrane potential. g, Rin, input resistance. h, F, spontaneous firing rate at 18 °C. i, Temperature coefficient Q10 > 4, * *P < 0.01; t-test. Error bars indicate s.e.m., numbers (n) written on the bars. j, IR25a expressing l-LNv also report small (2-3 °C) temperature changes leading to a ~1 Hz alteration of the instantaneous firing rate (n = 5). 
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Plasmids and germline transformations. To generate the psp-flag-strep II-nocte-ha (FSNH) construct, a flag-strepII-venus-strepII (fsvs) fragment was amplified from a
PiggyBac/P-element YFP-flag-strep II construct of 14 using a Phusion High-Fidelity PCR kit (New England Biolabs). This 900 bp fragment was sub-cloned into psp73 (Promega) to generate psp73-fsvs with BglII/XholI sites. To introduce a strepII tag upstream of the NOCTE N terminus, a 0.5 kb fragment was amplified from psp73-nocte-HA (containing the entire nocte coding region fused to ha; Giesecke and Stanewsky, unpublished) by annealing the strep II tag directly using PCR. This fragment was religated back into psp73-nocte-ha to generate psp-strep II-nocte-ha. A 3× Flag tag was introduced 5′ of psp73-strep II-nocte-ha by sub-cloning the strep II-nocte-ha fragment into psp-fsvs with BstBI/XholI sites replacing venus. To generate the psp-flag-strep II-nocte-strep II construct (FSNS), a Strep II tag was amplified and annealed 3′ of psp-nocte (Giesecke and Stanewsky, unpublished) to generate psp-nocte-strep II, followed by sub-cloning into psp-fsnh using BstBI/XholI sites. FSNH and FSNS were sub-cloned into the transformation vector pUAST using BglII/XholI sites, and transgenic flies were generated using classical transposase-mediated germline transformation. To generate mCherry-IR25a, the coding sequence of IR25a lacking the endogenous signal sequence (starting from codon 31) was PCR amplified, subcloned into pUAST-mCherry attB 15 , and integrated into attP2. To generate the IR25a genomic rescue construct, the bacterial artificial chromosome (BAC) CH322-32C20 24 was integrated into attP16, and then recombined onto the IR25a 2 mutant chromosome. Restoration of IR25a expression by this BAC (in IR25a 2 , CH322-32C20/IR25a 2 , CH322-32C20 animals) was verified by immunostaining with anti-IR25a antibodies (data not shown). All constructs generated in this study were confirmed by DNA sequencing. Fly strains. Flies were kept at 25 °C or 18 °C on common cornmeal-yeast-sucrose food under light:dark cycles and 60-70 % humidity. As controls, wild-type Canton S and y w flies (both carrying the ls-tim allele) were used. The following flies used in this study were previously described or obtained from the Bloomington Stock Center: tim-gal4: ,
UAS-mCherry (BL52268), QUAS-mtdTomato (BL30037), UAS-mCD8-GFP;UAS-
UAS-TNT-E and UAS-IMP-TNT-V1-B
(inactive) 33 . Clk4.1M-gal4 and Clk9M-gal4;Pdf-gal80 flies were used to direct GAL4 expression to subsets of the DN1p and to the DN2, respectively 20, 34 . IR25a-RNAi lines 15627-R1 and 15627-R2 were obtained from the NIG-Fly Stock Center. w 1118 ;
Df(2L)Exel6010/CyO was used as IR25a deficiency (BL7496).
Immunostaining and quantification. GFP and/or RFP signals were analysed as described in 9 . Briefly, antennae and legs were fixed and dissected in 4% paraformaldehyde/PBS solution. Samples were then washed 3 times in 3% PBST at room temperature followed by mounting in Vectashield (Vector Labs) medium and inspected using a Leica TCS SP5 confocal microscope. To visualize endogenous IR25a expression in the ChO of fly antennae and legs, cryosections (16 μ m) and immunolabelling were performed as described in 35 with minor modifications: sections were collected on slides and fixed for 10 min in 4 % formaldehyde in PBS. After washing for 2 × 10 min in PBS, sections were treated for 30 min in PBS + 0.1% Triton X-100 (PBT) and incubated in 5% normal goat serum (NGS) for 30 min. Primary antibodies (rabbit anti-IR25a 1:500 (ref. 16), mouse anti-22C10 1:200, DSHB) were diluted in PBT with NGS and applied to slides placed horizontally in humidified chambers and left for 2 h at room temperature followed by incubation overnight at 4 °C. After washing for 3 × 10 min in PBT, slides were blocked in PBT with NGS for 30 min and incubated with secondary antibodies (rabbit AlexaFlour-594, 1:500, Mouse AlexaFluor-647 1:500, Invitrogen) diluted in PBT in the dark for 4 h at room temperature. Slides were washed 3 × 5 min in PBS and mounted in Vectashield before observation. Immunostaining of whole-mounted brains was performed as described in 36 with minor modifications. For LD experiments, flies were fixed on the fifth day of light entrainment. For temperature experiments, flies were first reared in LL and 25 °C for 3 days, and then transferred to a 25 °C:27 °C or 25 °C:29 °C temperature cycles for 7 days. Temperature cycles were rectangular and not ramped. Therefore, the conditions are consistent with those for behavioural analysis. For temperature entrainment in DD, flies were initially entrained to LD at 25 °C for 2 days followed by a 25 °C:27 °C temperature cycles in DD that was shifted 8 h in advance with respect to the previous LD cycle. Brains were dissected on day 6 of the temperature cycles at the indicated time points. Primary rat anti-TIM (1:1,000) 37 , and secondary rat AlexaFluor-594 antibodies (Invitrogen, 1:500) were applied. Mounted brains were scanned using a Leica TCS SP5 confocal microscope. Quantification of TIM signals was performed as in 38 with minor modifications: Pixel intensity of stained neurons and background staining in each neuronal group was measured using ImageJ. Background signal was determined by taking the average signal of two surrounding fields of each neuronal group and was subtracted from the neuronal signal. For each group of clock neurons, at least 8 hemispheres from each genotype were checked and measured per time point. Data were normalized by setting the peak value to 1 and the ratio from each time point was then divided by the peak value. Co-immunoprecipitation. Co-immunoprecipitation experiments were performed as described 14 . For each protein purification, 200-300 mg wet-weight of heads from gmr-gal4 flies expressing UAS-nocte-flag (FSNS and FSNH transgenics were used in 2 independent experiments) or gmr-gal4 alone (negative controls) were collected on dry ice and manually homogenized with a 2 ml Dounce homogenizer (Fisher) in 1 ml of extraction buffer (final protein concentration 5 mg ml −1 extraction buffer) containing 50 mM Tris, pH 7.5, 125 mM NaCl, 1.5 mM MgCl 2 , 1 mM EDTA, 5% glycerol, 0.4% NP-40, and 0.1% Tween 20. To prevent degradation during the lengthy purification steps, 2× protease mini EDTA inhibitor mixture (Roche) was added at hourly intervals throughout the procedure. The homogenate was centrifuged at 10,000 r.p.m. for 15 min to isolate the soluble fraction used for pull-down. For the Flag pull-down procedure, EZview Red anti-Flag M2 affinity gel (Sigma) was used to bind the Flag-tagged bait and its bound partners. 50 μ l prewashed 50% slurry was added to 1 ml soluble protein and incubated at 4 °C for 2 h on a rotary mixer. Non-binding material was removed by centrifugation (8,000g for 2 min) and the resin was washed three times in ice-cold extraction buffer. For checking the interaction with IR25a (Extended Data Fig. 1a) , the washed resin was directly boiled with 5× SDS loading buffer followed by routine western blot. For elution the isolated protein complexes, Flag-tagged protein with any associating proteins, was incubated and eluted three times each with 50 μ l (100 μ g ml
) Flag peptide (Sigma) in extraction buffer for 30 min at 4 °C on a rotary mixer. The three eluates were combined and any residual resin was removed by centrifugation at 8,000g for 2 min. The following mass spectrometry peptide sequencing was performed by Cambridge Centre for Proteomics. Briefly, eluates from the tagged line and untagged control flies, were processed as described 14 . The only deviation from the method described was that peptides were applied to a 180 μ m × 20 mm (5 μ m particle size) C18 trap column (Waters UPLC Trap Symmetry) coupled to a nanoAcquity UPLC system (Waters) using 0.1% formic acid in water (buffer A) at a flow rate of 10 μ l min −1
. Peptides were then separated on a 75 μ m × 250 mm (1.7 μ m particle size) reverse phase BEH C18 analytical nano-column (Waters) at a flow rate of 300 nl min −1 using a gradient of buffer A and buffer B (0.1% formic acid in acetonitrile). The HPLC system was directly coupled to a LTQ Orbitrap Velos (Thermo Scientific) with a New Objective nanospray ionisation source operated at a resolution of 60,000. Peptides were eluted with a linear gradient of 5-45% buffer B over 45 min or with a re-equilibration step, giving total running times of 60 min. The Orbitrap analyser survey scan was performed over a mass range of m/z 380-1,500 each of them triggering 10 MS2 LTQ acquisitions of the ten most intense ions exceeding 500 counts using a data dependent acquisition mode. Western blot. For confirming the interaction between NOCTE and IR25a total head proteins were isolated from flies expressing IR25a, or IR25a and Flag-tagged NOCTE, under the control of tim-gal4. Boiled beads (after Co-IP) were loaded on SDS-PAGE gels, followed by standard western blot. Primary rabbit anti-IR25a 1:5,000 (ref. 16) and mouse anti-Flag M2 1:1,000 (Sigma), and secondary HRPconjugated goat anti-rabbit IgG-HRP (1:10,000) and goat anti-mouse IgG-HRP (1:1,000) antibodies (Jackson) were used. RNA isolation and RT-PCR. For RNA extractions, 30-50 flies were collected in 2 ml RNAlater (Ambion) and kept at 4 °C overnight, and 100 μ l 0.1% PBST was added to help RNAlater penetration. Femurs from around 200 fly legs and 50 retinas were quickly dissected in cold RNAlater. Total RNA was extracted using an RNEasy kit (QIAGEN) according to the manufacturer's instructions. Total RNA was finally eluted in RNase-free water and stored at −80 °C. cDNA synthesis was performed with Reverse Transcription Reagents Kit (Applied Biosystems) in 10 μ l reactions using 1 μ g of total RNA according to the manufacturer's instructions. To verify mRNA expression level of IR25a and nocte in fly femur ChO, dilutions of cDNA were used for PCR with the following primers: rp49 and nocte (ref. 9), IR25a (ref. 39) , followed by DNA electrophoresis on 2% agarose gels to visualize the PCR products. To test the efficiency of IR25a RNAi, 20 heads of 5-10-day-old flies were dissected and RNA was extracted and reverse transcribed as described above. Taqman probes for IR25a (catalogue number 4351372, ThermoFisher) and RPL32 (catalogue number 4448489, ThermoFisher) were applied to determine the amount of mRNA. For determining IR25a mRNA levels in different tissues, body parts were dissected in RNA later (Ambion). 1 μ g RNA was used for cDNA synthesis. Real-time assays were performed using an ABI GeneAMP PCR system 9700 using the standard program, and C t (threshold cycle) values were applied to determine the amount of RNA in each genotype. The relative concentrations were calculated using the 2 − ΔΔCt method, and RPL32 was used as control. Behavioural analysis. Analysis of locomotor activity of 4-5-day-old male flies was performed using the Drosophila Activity Monitor System (DAM, Trikinetics). The DAM monitors, as well as an environmental monitor (Trikinetics), were located inside a light-and temperature-controlled incubator where the fly's activity was monitored for a few weeks depending on different experimental conditions. Plotting of behavioural activity and period calculations were performed using a signal-processing tool-box 40 implemented in Matlab (MathWorks). In order to quantify behaviour during temperature cycles, an updated Histogram version based on Excel (Office, Microsoft) was applied 38 . Briefly, the activity from the last two days of each temperature cycle was plotted in Excel in 30-min bins and an 'entrainment index' (EI = ratio of activity occurring during the 6 h window covering the main activity peak of the positive controls over the activity during the entire warm phase) was calculated. To distinguish the clock-controlled behavioural peaks from temperature response peaks, a simple smoothing filter was applied for the four activity bins during the 2 h following each temperature transition 38 . The filtered data was used for calculation, whereas the raw activity data are plotted in the histograms. The entrainment index values plotted in all histograms represent the average entrainment index from the temperature cycles before and after the shift except for 18 °C:20 °C and 21 °C:23 °C, where the entrainment index was generated from the temperature cycles after the shift. To calculate the phase of the main activity peaks after DD and temperature cycles involving genotypes that did not show clear activity peaks during entrainment, we employed circular phase plot analysis as previously described 40, 41 . In brief, the mean activity phase of the three consecutive days after release into constant conditions was determined for each fly of the two genotypes to be compared. An average 'vector' indicating phase coherence (length) and mean peak phase (direction) is calculated for each genotype and the two vectors are compared by an F-statistic (Watson-Williams-Stevens test). The difference in direction is plotted in hours (h) and the mean peak phase of the controls (negative or positive controls, depending on the experiment) was set to zero. Electrophysiology. Extracellular leg nerve recording. The question of whether ChO in the legs would respond to temperature changes was examined using extracellular recordings in restrained intact leg preparations. Canton S w + flies were used as a control and IR25a −/− mutants were used to test if IR25a is involved in this process. In order to minimize locomotory artefacts, flies were decapitated and all legs but the left hind leg amputated. Flies were mounted ventral side up and pinned down in a Sylgard (Dow Corning, USA) coated recording chamber so that the left hind leg was orientated perpendicular to the body but not immobilized (Fig. 4a) . Therefore the ChO could be stimulated in vivo by moving the tibia with a fine needle. A tungsten wire electrode, sharpened to a fine point, was inserted through the cuticle in the thorax served as a reference electrode and a similar recording electrode was placed in the coxa of the remaining leg. The final position of the recording electrode was determined by monitoring the signal it was recording and then manually extending the tibia until a response in sensory units was seen. The signal was amplified using a BioAmp extracellular amplifier, filtered (low 5 kHz, high 10 Hz), digitized (sampling frequency 10 kHz) with a PowerLab 2/20 and recorded using LabChart 7 (ADInstruments, Bella Vista, Australia). Whole-cell recordings. Different genotypes were used for each group and the data pooled as there were no differences between them: control, Pdf-RFP and Pdf-gal4; UAS-mCherry; IR25a, Pdf-gal4/UAS-IR25a; Pdf-RFP and Pdf-gal4/UAS-mCherryIR25a; TrpA1, Pdf-gal4/UAS-TrpA1; Pdf-RFP and Gal1118-gal4/UAS-TrpA1/UASmCherry-IR8a; Pdf-gal4/UAS-IR8a; Pdf-RFP and Pdf-gal4/UAS-mCherry-IR8a. Experiments were performed under red light illumination and light exposure during dissection was kept to a minimum. For visualization of the l-LNv we used RFP-tagged constructs and a 555 nm LED light source in order to not activate cryptochrome. Adult flies raised in 12 h:12 h LD at 25 °C, were collected ~3-5 days post eclosion between ZT13 and ZT16, decapitated and brains dissected in extracellular saline solution containing (in mM): 101 NaCl, 1 CaCl 2 , 4 MgCl 2 , 3 KCl, 5 glucose, 1.25 NaH 2 PO 4 , 20.7 NaHCO 3 , pH adjusted to 7.2. The brains were transferred for 5-10 min to saline containing 20 U per ml papain with 1 mM l-cysteine to digest the ganglion sheath. After removal of the photoreceptors, air sacks and trachea, a small incision was made over the position of the l-LNv neurons in order to give easier access for the recording electrodes. Brains were placed ventral side up in the recording chamber, secured using a custom-made anchor and during recordings continuously perfused with aerated (95% O 2 , 5% CO 2 ) saline solution. l-LNv neurons were identified on the basis of their fluorescence, size and position. A single recording was performed from one l-LNv per brain. Whole-cell current clamp recordings were performed using glass electrodes with 10-20 MΩ resistance filled with intracellular solution (in mM: 102 K-gluconate, 17 NaCl, 0.94 EGTA, 8.5 HEPES, 0.085 CaCl 2 , 1.7 MgCl 2 , pH 7.2) and an Axon MultiClamp 700B amplifier, digitized with an Axon DigiData 1440A (sampling rate: 20 kHz; filter: Bessel 10 kHz) and recorded using pClamp 10 (Molecular Devices, USA). A cell was included in the analysis if the access resistance was less than 70 MΩ and the leak current in response to a −40 mV pulse less than −100 pA. All chemicals were purchased from Sigma (Poole, UK). The liquid junction potential was calculated as 13 mV and was subtracted from all the membrane voltages. Resting membrane potential (Vm) was measured after stabilizing for 2-3 min. Membrane input resistance (Rin) was calculated by injecting hyperpolarizing current steps and measuring the resulting changes in voltage. Spike frequency was manually measured using 10 s bins for each degree of temperature. To test the effect of elevated temperature, the recording chamber and the perfusion influx were gradually heated from 18 °C to 30 °C within 5-10 min and cooled back to 18 °C within 10-15 min using a Peltier heating system (ALA Scientific Instruments, USA) and TC-10 controller (npi, Tamm, Germany). The temperature coefficient Q10 was calculated by dividing the firing rate at 30 °C by the rate at 20 °C. To check whether l-LNvs can also sense small temperature changes of 2-3 °C, neurons were recorded as before, the temperature increased to around 24.5 °C held for 3 min, then increased to 27.5 °C, held again for 3 min, cooled back down to 24.5 °C and recorded for a further 3 min. During the whole period the instantaneous spiking frequency was monitored. All values are given as mean and s.e.m. and a t-test and ANOVA (followed by Tukey test) were used to calculate significant differences. Data reporting. No statistical methods were used to predetermine sample size. The investigators were not blinded to allocation during experiments and outcome assessment. −/− flies were exposed to LL at 25 °C for 2-3 days, followed by exposure to high-amplitude 12 h:12 h temperature cycles in LL, which after 5-6 days were delayed by 6 h. Double plotted average actograms depicting the daily activity levels and environmental conditions during the entire experiment are shown. Actual temperatures are colour coded and indicated below the entrainment index calculations. Numbers (n) indicated in the bars. b, As in a but flies were initially kept in LD and DD for 2 days each (left) or LD (right), before being exposed to two phase delayed (left) or advanced (right) temperature cycles in DD at the temperatures indicated. n.s., not significant. c, Behaviour of IR25a −/− and rescue flies during DD and 25 °C:27 °C temperature cycles with 8 h delay and during DD and 21 °C:23 °C temperature cycles with a 8 h advance compared to the previous LD cycle (at 25 °C). Warm phase is indicated by orange shading. d, Canton S and IR25a −/− flies during LD and DD conditions at 25 °C (see Extended Data Table 2 for period calculations).
